The dynamic behavior of transient gratings (TGs) formed in a planar-aligned azo-dye-doped liquid crystal film is investigated. The temporal profile of the diffraction efficiency of TGs reveals two components corresponding to the fast photoinduced isomerization of azo dye molecules and the slow dye-induced reorientation of liquid crystals. The polarization dependence of diffraction efficiency shows a strong anisotropy of excitation. The temperature dependence of diffraction efficiency and the corresponding relaxation time of decay in the slow component of diffraction reveal a thermal effect on grating formation.
Introduction
There is a rapid growth in the development of holographic and diffractive devices for integrated optics, optical data storage, electro optical switching, and displays. Liquid crystals are very promising materials with a fast dynamic response and a high sensitivity for such applications, and attract enormous scientific and industrial interest. The giant optical nonlinearity of liquid crystals has been extensively studied recently due to the large refractive index anisotropy associated with the collective reorientation of liquid crystal molecules.
1) The photoinduced orientational responses of nematic liquid crystals can be enhanced by doping these crystals with appropriate dye molecules.
2) Photoexcited dye molecules were found to exert a torque to reorient the director axis of liquid crystals through intermolecular interactions with host molecules. [3] [4] [5] Janossy and Kosa 3) demonstrated that the dye-induced optical torque could significantly exceed the direct optical torque for anthraquinone dye molecules. Gibbons et al. 4) showed that the laserinduced alignment of nematic liquid crystals is due to surface-mediated reorientation with a dye-doped photosensitive material coated on the layer of liquid-crystal cell.
In azo-dye-doped liquid crystals, the director reorientation was reported to be due to the trans-cis photoisomerization of azo dye molecules under irradiation in the absorption band of the dopants. [6] [7] [8] Voloschenko et al. 9) showed that the photoexcitation of a small amount of azo dye (<1%) in bulk liquid crystals induces an easy-orientation axis over an isotropic polymer-coated surface. Khoo et al. 10) observed a large nonlinear photorefractive effect in a small amount of methyl red-doped nematic liquid crystals (5CB) in the presence of an applied dc electric field, which was attributed to the reorientation of the nematic axis caused by the photoinduced space charge field and the dc bias field.
The dynamical responses of dye-doped liquid crystals (DDLC) to a short intensive optical field are rather complex because of the associations between density, flow, temperature, and reorientation. The physical properties involved in the associations generally depend on the geometrical configuration of nematic-optical interactions. The dynamic holography technique involving various polarizations of excitation and probe beams has been employed to identify the strong asymmetry of excitation and diffraction in the guest-host system.
In this paper, we report the temporal profiles of diffraction efficiency for transient gratings and their temperature and polarization dependences in azo-dye-doped liquid crystals. The dynamics of molecular reorientation phenomena in transient gratings is investigated by analyzing the buildup time of the diffraction maximum and diffractive decay. The study of the polarization dependence of the first-order diffraction efficiency and its corresponding temperature effect allows us to understand the underlying mechanism of laser-induced transient gratings.
Experimental
We investigated pentyl-cyanobiphenyl (5CB) liquid crystals doped with an azo dye (DR-1) at a weight concentration of approximately 1.5%; their nematic temperature range is 20.6-31. 8 C. The dye-doped liquid crystals (DDLCs) are capillarily injected into the sample cell, which is assembled from pairs of glass plates with transparent indium-tin oxide layers and is spaced by 25-mm-thick Teflon sheets. The homogeneous planar alignment of nematic liquid crystals (NLCs) is achieved by spin-coating a thin layer of polyimide on the inner surface of the front glass substrate, which is mechanically rubbed with a velvet cloth unidirectionally. At room temperature, the azo-dye molecules are in the stable trans form and in the alignment parallel to the director axis of liquid crystals through the guest-host effect. The alignment of the azo-dye molecules and liquid crystals is confirmed by the polarized absorption spectrum shown in Fig. 1 . The absorption peak at 510 nm corresponds to the n-Ã electronic transition of the trans isomer of DR-1. The absorption intensity of parallel polarized light is larger than that of perpendicularly polarized light with respect to the director axis of the liquid crystals. The strong anisotropic absorption shows that the azo-dye molecules are well aligned along the director axis of the liquid crystals.
The geometry of the sample cell and laser beams is depicted in the inset of Fig. 1 . The cell substrates are in the x-z plane and the molecular directorn n of NLC is along the z-axis. Two simultaneously incident excitation pulses de-rived from a Q-switched Nd:YAG laser with a BBO frequency doubling crystal are operated at a wavelength of 532 nm with a pulse width of 6 ns. The excitation beams are unfocused onto the sample with an irradiance of 4.5 mJ/cm 2 for each pulse. The crossed excitation beams are arranged with the bisector normal to the sample and the resultant grating spacing is approximately 15 mm. The polarizations of the two excitation beams are adjusted in the same direction as either parallel or perpendicular to the molecular director of the nematic liquid crystals.
An unpolarized cw He-Ne laser at 632.8 nm is used as a normally incident probe beam that passes through a polarizer to overlap with the excitation beams on the sample. The sample cell is placed in a temperature-controlled chamber with glass windows, which enables the excitation and probe beams to be transmitted. The chamber is operated in the range of nematic temperatures of 5CB maintained at an accuracy within AE0:1 C. The interference pattern of the transient grating is recorded on the DDLC sample with a single shot of pulsed laser. The first order of diffraction efficiency is detected with a photodiode and recorded as a function of time with a digitizing storage oscilloscope.
Results and Discussion
The dynamics of holographic excitation and the temperature dependence of diffraction efficiency are investigated with various polarizations of the excitation and probe beams. The first-order diffraction efficiency in the temperature range from 29.5 C to 32.0 C is recorded for the perpendicular polarization of the excitation beams and the parallel polarization of the probe beam relative to the molecular director of the liquid crystals, as shown in Fig. 2 . Two components in the temporal profile of diffraction are observed. The fast components of diffraction corresponding to the response time from 0 to 2.5 ms are observed almost simultaneously at various temperatures. During this period, the rise in the diffraction efficiency is related to the laser-induced isomerization of the azo dye from the trans isomer to the cis isomer and the decay of diffraction is related to the thermally induced relaxation from the cis isomer back to the trans isomer. The slow components of diffraction corresponding to a longer response time from 2.5 ms to 90 ms vary with temperature in both the intensity and buildup time to reach the diffraction maximum. The contribution of diffraction to the slow components is attributed to the dye-induced reorientation of the liquid crystals, and the time delay of the diffraction maximum with increasing temperature is related to the temperature dependence of the viscosity and order parameter of the liquid crystals. The viscosity decreases more rapidly than the order parameter as the temperature increases from the clear point. But when the temperature approaches the clear point, the order parameter decreases markedly and gives a dominant contribution to the time delay of the diffraction maximum.
The peak efficiency of the slow component of diffraction as a function of temperature is presented in Fig. 3 beam. The symbol k represents the beam polarization parallel to the molecular directorn n and the symbol ? represents the beam polarization perpendicular to the molecular directorn n in the x-y plane. All peak efficiencies in the four different configurations of the polarizations increase with an increase in temperature to 31.0 C and thereafter decrease until they reach zero as temperature approaches the nematic-isotropic phase transition point. In the nematic phase, the growth of diffraction is dominated by the reorientation of liquid crystals driven photochemically by the conformation change of azo-dye molecules, and the decrease in diffraction efficiency is primarily due to distortion in the nematic ordering of liquid crystals. In the isotropic phase, the ordering state of the nematic liquid crystals disappears and the contribution of the dye-induced reorientation of the liquid crystals is negligible.
From the dependences of the polarizations of both the excitation and probe beams on diffraction efficiency, the corresponding refractive-index modulation is stronger for the polarization of the probe beam parallel to the directorn n than for the perpendicular case when the excitation beams are perpendicularly polarized to the directorn n. The corresponding refractive-index modulations are almost the same for both the parallel and perpendicular polarizations of the probe beam when the polarization of the excitation beams is parallel to the director axis. Either parallel or perpendicular polarization of the excitation beams can lead to director reorientation and destabilization in the orientational order of the liquid crystals. Comparing the peak efficiency of the slow component of diffraction among the four configurations of polarizations, the excitation beams are more important in determining diffraction efficiency than the probe beam. The polarization dependence reveals that the diffraction efficiency of perpendicularly polarized excitation beams is larger than that of parallel polarized excitation beams, even though the absorption of the azo dye DR-1 for the parallel polarized light is stronger than that for the perpendicularly polarized light. Two mechanisms proposed by Chen and Brady. 11) can explain this observation. The reorientation and cis-trans transformation of azo-dye molecules can induce a significant local disturbance in director orientation. Thus, the ordering state of the nematic liquid crystals is disrupted particularly during strong absorption. This effect results in a refractiveindex modulation that is stronger for perpendicularly polarized excitation beams than for parallel polarized excitation beams.
The shift in peak efficiency with temperature is observed in the slow component of diffraction. The rise time of the diffraction maximum as a function of temperature for the four configurations of polarizations is presented in Fig. 4 . The rise time of the diffraction maximum increases with increasing temperature, which is primarily due to the decreasing order parameter of the liquid crystals. The rise time of the diffraction maximum is longer for the parallel polarization than for the perpendicular polarization of the excitation beams. This effect could be explained by the destabilized alignment of liquid crystals induced by the strong anisotropic absorption of the dye.
The analysis of diffraction decay in the slow component could yield information about the dynamics of molecular reorientation in liquid crystals under nanosecond-pulsed excitation. The time constant of the diffraction decay in the slow component as a function of temperature for the four configurations of polarization is shown in Fig. 5 . The time constant of the decay covers from 10 to 320 ms and is associated with the relaxation of molecular reorientation. The decay time exhibits a strong dependence on temperature for the perpendicular polarization of the excitation beams but is less affected for the parallel polarization of the excitation beams. The relaxation time of the diffraction decay increases with increasing temperature for the perpendicular polarization of the excitation beams and is mainly attributed to the decreasing elastic constant of the liquid crystals. In contrast to the perpendicular polarization, the relaxation time of the diffraction decay is less affected with increasing temperature for the parallel polarization of the excitation beams; this can be explained by the disruption of the ordering state of the nematic liquid crystals owing to the strong absorption effect. The relaxation of the induced grating governed by the viscoelastic behavior of the nematic fluid can be explained by the temperature dependence of =k, where is the NLC orientational viscosity and k is Franck's constant. This relaxation dynamics conforms with the continuum theory of Ericksen and Leslie 12) and confirms that the director reorientation of liquid crystals plays an important role in the formation of transient gratings for the perpendicular polarization of the excitation beams.
Conclusions
The dynamic behavior of transient gratings formed in the system of azo-dye-doped liquid crystals has been investigated. Two mechanisms are responsible for the formation of the transient gratings. The photoinduced isomerization of azo-dye molecules initially dominates the formation of the first transient grating, and the reorientation of liquid crystals driven by the dye-induced torque then dominates the formation of the second transient grating. The diffraction efficiency of DDLC exhibits a strong dependence on the polarization of the probe beam for perpendicular polarization of excitation beams and is less affected for the parallel polarization of excitation beams. The director deformation of liquid crystals is enhanced by the increase in temperature, resulting in the delay of the diffraction maximum. The relaxation time of diffraction decay is dependent on temperature for the perpendicular polarization of excitation beams and is less affected for the parallel polarization of excitation beams. The polarization and temperature dependences of diffraction efficiency reveal a strong anisotropy of excitation and a thermal effect on grating formation, respectively.
